1. Aortic compliance (expressed as percentage increase in lumen diameter for a pulse pressure of 10 mmHg) was calculated from the characteristic pulse wave velocity deduced from 'foot to foot' transit times of the blood flow pulse over a measured length of aorta. Two continuous wave Doppler ultrasound transducers were used: one insonating the root of the left subclavian artery, the other the abdominal aorta proximal to its bifurcation. Measurements were made after the subject had been supine for 5 min to achieve stable conditions.
INTRODUCTION
The development of Doppler ultrasound has allowed non-invasive assessment of dynamic changes in otherwise inaccessible body tissues, particularly blood vessels [ 1, 21 . The technique has the potential to provide information related to physiology in addition to anatomy. Applications include assessment of peripheral arterial and venous blood flow, large arterial flow and changes in vessel-wall properties such as compliance or vessel-wall stiffness [3-61. Factors affecting arterial compliance (AC) in man and animals appear to include age [4-81, sex [4, 5] , diet [9, lo] , body mass [ll] , blood pressure [ll-161 and metabolic disorders such as Marfan's syndrome [17] , diabetes mellitus [18] and atherosclerosis [9, 10, 191 ; the extent of the latter can thus be assessed indirectly. Older techniques for measuring compliance of vessel walls required invasive procedures.
The accuracy of the continuous wave Doppler-shift ultrasonic technique for measurement of the characteristic velocity of the blood flow pulses has been investigated by Laogun and co-workers [3, 4] , who showed this technique to be ideal for an atraumatic non-invasive study of arterial elasticity in man in vivo. To be clinically or epidemiologically useful, the method should be reproducible under standard conditions on different occasions. This paper describes a bedside method of AC measurement and a study of its reproducibility using the statistical methods recommended by Altman & Bland [20, 21] . 
MATEFUALS AND METHODS

Equipment
The equipment used consisted of a BBC 'B' microcomputer, disc drive and yideo display unit, together with specially designed software [6] to measure on-line 'foot to foot' delay time between blood velocity sonograms observed simultaneously at two different pulse sites, a stereo cassette recorder (Sony) for off-line storage of sonogram data, a Kranzbuhler real-time frequency analyser (sensitivity to f 5 ms) with a foot switch and a pair of headphones. Blood velocity signals were obtained using two piezoelectric ultrasound transducers omitting 4 MHz and 8 MHz ultrasound in conjunction with two bidirectional velocimeters (Vasoflo; Sonicaid).
This apparatus was contained on a single trolley which could be placed alongside an examination couch, allowing easy adjustment of controls throughout measurements on each subject (Fig. 1) .
Method
The subject lay flat until a steady blood flow state was established, usually after 5 min. One continuous wave Doppler-shift blood-velocimeter transducer (8 MHz carrier frequency) was placed in the left anterior triangle of the neck to insonate the root of the left subclavian artery as it left the aortic arch. The other transducer (4 MHz frequency) insonated the abdominal aorta at the midpoint between the anterior superior iliac spines (i.e. just above the aortic bifurcation). Doppler-shifted signals from these transducers were processed for directionality and subsequently recorded on cassette tapes [22, 23] . The directional signals were also spectrally analysed in realtime using the Kranzbuhler dual-channel audio frequency analyser. Spectra were displayed in the grey scale sonographic format. This equipment operates at an analysis rate of 200 Hz (i.e. 5 ms interval between each spectral sweep in each of the two channels) with frequency resolution of 80 frequency bins per spectral sweep per channel.
Software within the spectrum analyser enabled realtime calculations and display of the instantaneous maximum frequency of each spectral sweep. This was achieved by employing a preset amplitude threshold of 32 (maximum intensity corresponds to 127) and marking the highest frequency whose signal strength exceeded the above threshold.
Maximum frequency envelopes of the sonograms from both channels of the spectrum analyser were transferred in discrete form (i.e. two values every 5 rns, each ranging between 0 and 79 frequency bins) to the microcomputer for further processing. The latter comprised a BBC model 'B' system equipped with software which enabled the automatic, real-time calculation of 'foot-to-foot' transit time [6, 241 . A BBC microcomputer program developed by Kontis [6] measured the 'foot-to-foot' time delay between the systolic upstrokes of these maximum flow velocity waveforms recorded by each transducer (Fig. 2) . 'Foot-to-foot' measurement was used because the effect of reflected pressure waves from the peripheral arterial tree, on the apparent value of the pulse wave velocity 'foot to foot' transit times was generated by the computer until a total of 45 values were recorded and displayed on a monitor screen (Fig. 3) . Values more than 10 ms outside the mode (eg. from probe movement) were discarded. The distance along the aorta was measured from the sterno-clavicular notch to the position of the probe on the abdominal surface. This approximates very closely to the actual length of aorta, from left subclavian origin to bifurcation, as measured on cadavers [4, 5] . The computer program calculated and displayed the AC value as derived below.
Derivation of AC
The characteristic compliance, c, of a circular vessel at a given site [25] may be defined as: c = (ADID) AP (1) where D is the lumen diameter at perfusion pressure P, and A D is the increase in lumen diameter produced by an increase AP in pressure. The relationship between AC and pulse wave velocity (PWV) is [24] : forward going pulse wave (for the same heart beat) at two positions separated by a length of artery, L . Thus from eqn (2) above:
It is often convenient to express AC as a percentage increase in lumen diameter for a pulse pressure of 10 mmHg. Assuming that p = 1.05 x lo3 kg/m3, eqn (3) above becomes:
where T and L are expressed in s and m, respectively.
Reproducibility
This term refers to variability of a measurement between occasions, here measured by the same observer. To examine this for the current method of measuring AC, volunteer subjects were assessed on two occasions with an interval of 1 month in 30 subjects (group A; aged 60.4 f 7.0 years, mean + SD) and another of 3 months in 23 different subjects (group B; aged 58.9 yearsf 7.5, mean f SD). Altman and Bland [20, 211 have suggested two criteria for assessing reproducibility. First, the examination of whether there is systematic bias in repeated measures, i.e. whether the mean difference is significantly different from 0, using 95% confidence limits. The difference between baseline and repeat values can then be plotted against the mean value to indicate whether the difference increases or decreases as the mean value changes. Secondly, the reproducibility coefficients or 95% limits of agreement can be defined as 2 X SD of the difference. 
Reproducibility results
Mean values of AC measurements and of their paired differences between baseline and at re-assessment in the same sets of subjects at 1 month and 3 months are shown in Table 1 and plotted in Fig. 4 . Tables 2 and 3 show the individual AC values for 1 and 3 month intervals with respective differences. The lines of identity show an even scatter close to either side of the line. Correlation coefficients were 0.92 between 0 and 1 month and 0.93 between 0 and 3 months (P<O.O01); however, such correlations are quite inadequate as a description of reproducibility because they may hide large individual differences [20, 211. In only two cases at 1 month (Table  2) and four cases at 3 months (Table 3) was the difference in AC greater than 0.2. Examining these results by the recommended criteria, there is no evidence of systematic bias because the 95% confidence limits for the mean difference in AC at both 1 and 3 months include zero (Table 1) . Secondly, Fig. 5 indicates very little change in the difference as the mean AC value increases, indicating that the reproducibility of the method is stable over the range of AC values measured. The reproducibility coefficients or 95% limits of agreement are thus 0.244 and 0.274 for 1 and 3 months, respectively, as shown in Fig. 5 .
DISCUSSION
The method described here for measuring AC was convenient for the operator and for the subject, whose only inconvenience is lying supine with two transducers applied to the relevant skin surfaces. All required equipment was on a single trolley. Currently, the equipment is somewhat cumbersome, but miniaturization of the spectrum analyser is in progress and it soon could be commercially available in compact form.
The problems that arose during measurement were mainly due to fat which increases the depth of the artery below the skin surface, tending to attenuate ultrasound transmission, or due to difficult access to the position of the artery (mainly the subclavian). Subject movements occasionally caused a shift of the clamp's position, requiring minimal re-adjustment. The accuracy of measurement of transit time along the aortic pathway was limited to f 5 ms, this value being dictated by the rate of Doppler signal analysis of the available spectrum analyser. However, such temporal resolution can be improved by using faster algorithms. Improved electronic circuit boards have already been designed locally [6, 261 , and will provide improved accuracy of transit time measurements to f 0.3 ms.
It may be noted that ever since the work of McDonald and Womersley in the 1960s (described in [27] ), the method of 'foot to foot' time measurement of the flow pulse has been used to obtain a value of pulse wave velocity characteristic of the artery wall elasticity [28] . This is because the observed flow pulse results from both forward pressure waves and those reflected from the periphery. The effect of reflections diminishes in the upper harmonics of the flow pulse, since attenuation increases with frequency. Now at the foot of the systolic waveform the higher harmonics of the flow velocity waveform are in phase [27] . Thus 'foot to foot' pulse wave velocity measurements agree closely with the corresponding mean phase velocities of the higher harmonics. Hence such measurements represent a good estimate of characteristic pulse propagation velocity [24] . In addition, reflected pressure waves in the aorta are minimal, due to the aorto-iliac junction. Reflections are much more significant in the small-calibre iliac or leg arteries.
A comparison of the use of characteristic pulse wave velocity for deriving compliance with values obtained from directly measured changes in diameter and pressure for a tube system in vitro was reported several years ago [29, 301. Interestingly, 30 m of tubing was required to eliminate reflection artefacts, illustrating the problems of using this method in peripheral, small-calibre arteries, as reported by some groups [ 113.
A wide range of repeat values was recorded for both the 1 month and 3 month time intervals, but variation in AC did not change as AC values rose (Fig. 5) . The results indicate that the method is reproducible in that at both 1 and 3 months, the mean differences from baseline values did not differ significantly from zero and thus little biological change in AC was detected over 3 months in this sample. From these results, 95% of the time an AC value measured in the same individual on two occasions should change by < 0.28 units (twice the SD of the mean difference at the 3 month interval). This allows estimation of the size of the potential treatment effect (if ways of improving AC are found) and thus a calculation of sample size to permit planning clinical trials. The method is both simple, non-invasive and easily available for clinical application. In a longitudinal study already in progress, comparing diabetic and control subjects at different levels of blood pressure, AC appears to provide a quantitative measurement of cardiovascular morbidity and mortality.
